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Spin fluctuations were studied over a wide momentum (~Q) and energy (E) space in the frustrated
d-electron heavy-fermion metal LiV2O4 by time-of-flight inelastic neutron scattering. We observed
the overall Q–E evolutions near the characteristic Q = 0.6 A˚−1 peak and found another weak broad
magnetic peak around 2.4 A˚−1. The data are described by a simple response function, a highly
itinerant magnetic form factor, and antiferromagnetic short-range spatial correlations, indicating
that heavy-fermion formation is attributable to spin-orbit fluctuations with orbital hybridization.
PACS numbers: 71.27.+a, 75.25.-j, 75.40.Gb, 78.70.Nx
The many-body problem is central to modern
condensed-matter physics, i.e., how does one describe a
large number of intricately interacting particles in solids
and liquids? The concept of quasiparticles constitutes
the basis of this problem; a system can be successfully
treated as a collection of independent quasiparticles [1].
Examples include heavy fermions (HF) in metals and
Cooper pairs in superconductors, in which conduction
electrons are coupled with spins and lattices.
In 1997, the heaviest fermion system among d-electron
systems, the metallic spinel LiV2O4 (nominally V
3.5+,
3d1.5), was discovered [2]. The ratio of the heat capac-
ity to temperature C/T steeply increases with a large
Sommerfeld coefficient γ ≃ 400 mJ·mol−1·K−2 below
the characteristic temperature T ∗ ≃ 20 K [3–5]. This
followed the report of another d-electron HF system,
Y(Sc)Mn2, with γ ≃ 140 mJ·mol−1·K−2 [6]. In both
d-electron systems, the magnetic atoms form a geomet-
rically frustrated pyrochlore lattice, suggesting a close
connection between the HF and frustration.
LiV2O4 exhibits a weak cusp in magnetic susceptibility
at T ∗ but no magnetic order at any measured tempera-
ture, indicating strong frustration [3]. Instead, powder
inelastic neutron scattering (INS), nuclear magnetic res-
onance (NMR), and muon spin resonance (µSR) detect
spin fluctuations below ∼ 80 K down to 20 mK, which in-
crease to antiferromagnetic (AF) short-range fluctuations
described byQ ≃ 0.6 A˚−1 below T ∗ [7–9], where the mag-
nitude of the momentum p = ~Q. The 0.6-A˚−1 nesting
structure is also obtained by band calculations [10].
In addition, the electrical resistivity is metallic over
the entire temperature range below room temperature
and further decreases below T ∗ [3]. This decrease is dif-
ferent from the Kondo upturn, which is the fingerprint of
conventional f -electron HF systems based on the Kondo
coupling between the localized f -electron momenta and
the conduction electrons. Further, the optical conductiv-
ity suggests that LiV2O4 changes from a poor metal to a
coherent Fermi-liquid metal around T ∗ as the tempera-
ture decreases, as in the vicinity of a Mott insulator [11].
Photoemission also resulted in a resonance peak in the
electronic density of states at ∼ 4 meV above the Fermi
level [12], which is also theoretically understood as the
vicinity of the Mott insulator [13].
Thus, HF formation likely originates not from the con-
ventional Kondo effect but from another novel electron
correlation effect. The 0.6-A˚−1 AF spin fluctuations
driven by frustration will play a key role in HF formation.
However, the overall correlations of the spin fluctuations
in a wide (Q,E) space are still unclear, where E denotes
the energy. For example, many Q-dependent character-
istic frequencies were reported around 0.6 A˚−1 [14], re-
quiring a simple description by a response function. In
contrast, no magnetic peak has been reported, other than
the 0.6-A˚−1 peak, hampering clarification of the spatial
correlations. Different spatial-correlation models were
also theoretically proposed, such as spin-orbit fluctua-
tions with molecular V tetrahedra and one-dimensional
(1D)-like chains [15, 16].
In this study, we performed INS experiments on pow-
der samples of LiV2O4 using a state-of-the-art time-
of-flight spectrometer with large-solid-angle detectors,
which allows us to investigate the spin fluctuations in
a wide (Q,E) space. We used the direct geometry chop-
per spectrometer AMATERAS (BL14) at the MLF of
the J-PARC spallation neutron source (Japan) [17]. The
incident energy (Ei) was simultaneously set to 3.1, 7.7,
15, and 24 meV using the multi-Ei technique, and the
E resolution under elastic conditions was approximately
2.0, 2.6, 3.6, and 4.5% to Ei, respectively. The main
disk chopper speed was fixed at 300 Hz. The data were
obtained by the UTSUSEMI software provided by the
2MLF [18]. Scattering from the empty-container back-
ground measurements was subtracted, and the absolute
intensities were obtained by normalization to measure
the incoherent scattering intensity from the sample. A
powder sample of LiV2O4 was synthesized by a solid-
state reaction method [19]. Li is in natural abundance.
Approximately 7.3 g of the sample was placed onto an
aluminum foil and shaped into a hollow cylinder with a
thickness of 3 mm and a diameter of 20 mm in order
to mitigate the neutron-absorption effects of Li nuclei as
much as possible. The cylinder was kept in the thin alu-
minum container with He exchange gas that was placed
under a cold head in a He closed-cycle refrigerator.
FIG. 1: (Color online) (a), (b) Contour plots of the scattering
intensity distribution in (Q,E) space. (c) Constant-E cross
sections in the low-Q range (symbols). From the bottom, Ei
= 3.1, 15, 15, 15, 24, and 24 meV. The averaged E range was
±0.1, ±0.3, ±0.3, ±0.3, ±0.8, and ±0.8 meV. The vertical
zero points are shifted by 2 mbarn·st−1·meV−1·V−1. The
solid curves are fits of Eq. (2) to the data (see text). The
tiny horizontal bars represent the Q resolution, which can
be neglected compared to the experimental line widths. (d)
Constant-E cross sections averaged in the 2.5±0.5-meV range
in (a) and (b). (e) Extraction of the magnetic component.
The blue arrows indicate the magnetic peaks.
Results.— Figures 1(a) and 1(b) show the observed
scattering intensity distributions in (Q,E) space. In
the low-Q range below 1.5 A˚−1, which was previously
reported [7, 14], magnetic scattering is observed with
fountain-like E evolution around 0.55 A˚−1 at 6 K
[Fig. 1(a)]. The scattering is paramagnetic around 0 A˚−1
at 197 K [Fig. 1(b)]. The constant-E cross sections of
the 6-K data are shown in Fig. 1(c). As E increases, the
scattering broadens in Q.
In addition, we searched for another unreported mag-
netic signal in the high-Q range above 1.5 A˚−1. Fig-
ure 1(d) shows the cross sections at 2.5 meV. This en-
ergy was selected to avoid the elastic tail and minimize
phonon contamination. A broad and very weak signal
appears between 2 and 3 A˚−1 at 6 K, whereas strong
phonon scattering with an intensity increasing with an
increase in Q is observed at 197 K. Thus, to examine
whether the 6-K broad peak is magnetic in origin, we
subtract the 197-K data and correct with a Bose popula-
tion factor as the phonon component from the 6-K data,
as shown in Fig. 1(e). In the low-Q range, the phonon
component was extrapolated from the high-Q data by
the Q2 term with a constant background to avoid the tail
of paramagnetic scattering at 197 K. After this subtrac-
tion, the 2.4-A˚−1 broad peak still remained [open circles
in Fig. 1(e)], indicating that another magnetic signal was
found.
Analyses.— We analyze the fountain-like E evolution
around 0.55 A˚−1 at 6 K. The differential cross section
of INS is proportional to the imaginary part χ′′(Q,ω)
of the generalized magnetic susceptibility χ(Q,ω), where
E = ~ω [20]. Following a standard way to describe the
spin fluctuations in nearly AF metals such as Cr0.95V0.05
and La2−xSrxCuO4 [21, 22], we use
χ(Q,ω) =
n∑
j=1
χj
[
1 +
(Q−Q0)2
κ20
− i ω
Γj
]−1
, (1)
where n is the number of spin fluctuation modes. This
function corresponds to the expansion of the Lindhard
function near the Fermi energy to describe a Fermi liq-
uid [21–24]. The imaginary part of Eq. (1) is described
by the following useful form [21]:
χ′′(Q,ω) =
n∑
j=1
χ′′j (ω)
κ40 + κ
4
j(ω)
{κ20 + (Q −Q0)2}2 + κ4j(ω)
, (2)
where the ω evolutions are separated into the suscepti-
bility at Q0,
χ′′j (ω) = χj
ωΓj
ω2 + Γ2j
, (3)
and the Q width around Q0,
κ2j(ω) = κ
2
0
ω
Γj
. (4)
3FIG. 2: Fitting results in the n = 1 [(a)–(b)] and n = 2 mod-
els [(c)–(f)]. Subfigures (a), (c), and (e) show the E = ~ω
dependence of the dynamic susceptibilities at Q0 and χ
′′
j (ω),
and panels (b), (d), and (f) show that of the Q-width param-
eters, κ2j(ω). The solid lines are fits of Eqs. (3) and (4) to
the data (see text).
If Eq. (1) describes the data, an identical Γj will be ob-
tained for both the susceptibility and the Q-width parts.
Figures 2(a) and 2(b) show the fitting results for an
n = 1 model. The results coincide with Lee et al.’s
INS report for both χ′′1(ω) and Γ1 [Fig. 2(a)] [7]. How-
ever, κ21(ω) is not proportional to E in the low-E region
[Fig. 2(b)]. This is rather consistent with Murani et al.’s
INS report and the µSR data, suggesting the coexistence
of another slower component below 1 meV [9, 14]. Thus,
we used an n = 2 model, and the fitting results are shown
in Figs. 2(c)–2(f). χ′′1 (ω), κ
2
1(ω), χ
′′
2(ω), and κ
2
2(ω) are
all fit well with Γ1 = 2.6 meV and Γ2 = 0.7 meV, where
χ1 = 0.43 µ
2
B·meV−1·V−1, χ2 = 0.20 µ2B·meV−1·V−1,
Q0 = 0.55 A˚
−1, and κ0 = 0.28 A˚
−1.
Next, we analyze the spatial correlations of the fluctua-
tions from the obtainedQ information. First, the value of
Q0 is equal to 0.72(2pi/a) = 2pi/
√
2a, indicating the peri-
odicity of
√
2a = 4dV−V, where a denotes the lattice con-
stant of 8.24 A˚ in the pyrochlore lattice [4], and dV−V de-
notes the distance between the nearest-neighbor V sites,
as shown in Fig. 3(a). This strongly suggests that the
fluctuations consist of AF bonds of four V atoms along
the 〈110〉 direction. Second, the value of the Q-width κ0
means ∼ 5 A˚ of short correlation length. Third, as shown
in Fig. 1(e), the Q dependence of the intensity consists of
a combination of a strong broad 0.6-A˚−1 peak and a weak
broad 2.4-A˚−1 peak. This combination is identical to
that of the 4-meV mode observed in another highly frus-
trated spinel-type insulator, GeCo2O4 [25], which is ex-
plained by AF di-tetrahedron spin correlations by single-
crystal INS [26]. Furthermore, this di-tetrahedron struc-
ture satisfies the first and second conditions. Thus, the
fluctuations are most likely based on the di-tetrahedron
in the spatial correlations.
We calculated the Q dependence of the intensities for
several di-tetrahedron-based models, and three of these
models are shown in Fig. 3(b), where a localized theo-
retical magnetic form factor was used [27]. As expected,
every model roughly reproduces the 0.6-A˚−1 and 2.4-A˚−1
positions, and the di- and tetra-tetrahedron models are
also consistent with the experimental data for the 0.6-
A˚−1 peak width.
However, the calculated intensities of the 2.4-A˚−1 peak
are much stronger than the experimental data. To im-
prove this, we incorporated the spatial expansion of the
spin density distribution at each V site, considering that
LiV2O4 exhibits metallic electrical resistivity. This itin-
erancy corresponds to the rapid decrease in the magnetic
form factor in Q space. Further, band calculations indi-
cate that the Fermi level is mainly crossed by V 3d t2g
orbital bands, which roughly split into a localized a1g
singlet and an itinerant e′g doublet via a small trigonal
crystal field, as schematically shown in Fig. 3(a) [28, 29].
Thus, for simplicity, we approximated the magnetic form
factor by αflocalized(Q) + (1 − α) exp (−Q2/∆Qitinerant),
where flocalized(Q) denotes the localized form factor [27]
normalized at 0 A˚−1, and α and ∆Qitinerant are deter-
mined to fit the experimental data. The spatial spin cor-
relation was set to the di-tetrahedron.
Figure 3(c) shows a comparison among the experimen-
tal data, localized model 1, and model 2 with localiza-
tion and itinerancy. The experimental data are well fit
to model 2, which is much better than the model 1 with
respect to the 2.4-A˚−1 intensity and the 0.6-A˚−1 peak
profile. The model-2 fitting was obtained at α = 0.66
and ∆Qitinerant = 0.74 A˚
−1. The value of α indicates
α : (1 − α) = 1.0 : 0.5, which is in excellent agree-
ment with the Hund-rule filling of 1 a1g and 0.5 e
′
g elec-
trons/V, as shown in Fig. 3(a). The ∆Qitinerant value
means 2.2 A˚ of spatial distribution at half width at half
maximum, which is much larger than (dV−V/2) = 1.5
A˚. This indicates that the itinerant components of the
nearest-neighbor V spins considerably overlap with each
other in the di-tetrahedron.
Discussion.— The observed dynamical magnetic sus-
ceptibility is well described by a simple function for a
Fermi liquid [Eq. (1)] and is accompanied with the high
itinerancy in the magnetic form factor. These facts ver-
ify the treatments of spin fluctuations in itinerant sys-
tems, such as a series of self-consistent renormalization
theories, demonstrating that the spin-fluctuation chan-
nel dominates HF formation [10, 30, 31]. Further, the
4FIG. 3: (Color online) Modeling of the dynamical spatial correlations. (a) Unit cell of the pyrochlore lattice (upper) and
energy scheme of the V orbitals (lower). (b), (c) Comparisons of the experimental and model-calculated Q dependencies of
the intensities. All intensities are normalized at the maximum intensity Q. The experimental data (open circles) are identical
to the magnetic scattering in Fig. 1(e). The curves were calculated in the inset models, where the orange and green spheres
denote the dynamically fluctuating up and down spins, respectively. In (b) and (c), localized [model 1 in (d)] and modified
[model 2 in (d)] magnetic form factors were used, respectively. (d) Magnetic form factors normalized at 0 A˚−1. The broken
and dotted curves resolve the model-2 form factor into localized and itinerant components, respectively.
spin fluctuations are based on the AF di-tetrahedron in
the spatial correlations. This strongly suggests that geo-
metrical frustration causes the fluctuations as well as in
GeCo2O4 [26], and that the large HF entropy originates
from the high degeneracy driven by frustration.
Interestingly, the di-tetrahedron combines both the-
oretically proposed characteristics, the 1D-like chain
along the 〈110〉 direction and the ferromagnetic tetrahe-
dron units, which are accompanied by spin-orbit fluctua-
tions [15, 16]. In the former theory [16], 1D correlations
occur to release geometrical frustration, taking into ac-
count the fact that a pyrochlore lattice consists of 1D
chains along the 〈110〉 directions, as shown in Fig. 3(a).
The V t2g orbitals hybridize with each other to form
the 1D Hubbard chain with a periodicity of 4dV−V. In
the latter theory [15], the ferromagnetic tetrahedra form
to release frustration because a pyrochlore lattice is also
regarded as the tetrahedra arranged in a face-centered-
cubic lattice. The molecular orbital formation of the V4
tetramer remarkably decreases the system energy. Fur-
ther, the V4 molecular orbital is half filled, which makes
the inter-tetramer exchange interaction AF.
Summary.—We studied spin fluctuations over a wide
(Q,E) space in LiV2O4 by INS. The observed data can
be described by a simple response function, a highly itin-
erant magnetic form factor, and AF di-tetrahedron-based
spatial correlations. With these characteristics, the large
HF entropy is attributable to frustration with spin-orbit
fluctuations and remarkable orbital hybridization. Our
study will promote future studies of novel quasiparticles
as a prototype in the longstanding many-body problem.
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